The informational efficiency of the yen/dollar exchange rate is investigated in five market segments within each business day from 1987 to 2007. Among the results, we first find that the daily exchange rate has a cointegrating relationship with the cumulative price change of the segment for which the London and New York markets are both open, but not with that of any other segments. Second, the cumulative price change of the London/N.Y. segment is the most persistent among the five market segments in the medium-and long-run. These results suggest that the greatest concentration of informed traders is in the London/N.Y. segment where intraday transactions are the highest. This is consistent with the theoretical prediction by Admati and Pfleiderer (1988) that prices are more informative when trading volume is heavier.
Introduction
Foreign exchange markets do not sleep. Traders can exchange currencies 24 hours a day in any market around the world if trading counterparties are available. Nevertheless, in reality reasonably well-defined opening and closing times do exist and the activity of each market has a typical intraday seasonality. Several recent studies exploit the Electronic Broking Services (EBS) 1 data to document intraday volume patterns in the foreign exchange market (Chaboud et al. (2004 (Chaboud et al. ( , 2007 , Ito and Hashimoto (2006) , and Cai et al. (2007) ******** Figure 1 around here ******* The objective of this paper is to investigate the empirical link between intraday trading volume and informational efficiency. There has been a great deal of empirical work on the volume-volatility relationship (e.g. Tauchen and Pitts (1983) ), but there are few studies on the relationship between volume and informational efficiency. Our results help clarify why trading volume is high during the overlapping business hours of foreign exchange markets.
There are two polar views regarding the relationship between volume and informational efficiency: the asymmetric information view and the inventory control view. 1 In the last few years, the brokers markets have been revolutionalized by the introduction of two electronic broking systems (Reuters D2002-2 and Electronic Broking Services [EBS] ) which have effectively taken over from voice brokers. 2 Chaboud et al. (2004 Chaboud et al. ( , 2007 and Cai et al. (2007) find sharp spikes in volume at the times of scheduled macroeconomic data releases, spot foreign exchange fixings, and the standard expiration times of foreign exchange options.
The asymmetric information view argues that trades are more informative when trading volume is high, while the inventory control view holds that trades are less informative when trading volume is high. Theory admits both possibilities, depending on the posited information structure.
To understand the asymmetric information view, consider the model of Admati and Pfleiderer (1988) . In order to minimize their losses to informed traders, discretionary liquidity traders prefer to trade when the market is thick -that is, when their trading has little effect on prices. With more liquidity trading in a given period, more informed traders tend to trade with liquidity traders. This makes it even more attractive for liquidity traders to trade in that period because competition among the informed traders reduces their total profit, which benefits the liquidity traders. Admati and Pfleiderer (1988) argue that these strong incentives for the concentration of trading create the U-shape pattern of intraday volume. An increase in the number of informed traders contributes to the informativeness of prices because they cause prices to adjust faster to information. In this situation, trading volume and the informational efficiency of prices are positively related.
On the other hand, the representative model of the inventory control view is developed by Lyons (1997) . On the inventory control side, the key mechanism is hot potato trading -passing unwanted positions from dealer to dealer following an initial customer order. To clarify the argument, consider the following example. Suppose that there are ten dealers, all of whom are risk averse and currently hold zero positions. A customer sale of $10 million worth of Japanese yen is accommodated by one of the dealers. Not wanting to carry the open position, the dealer calculates his share of this inventory imbalance -or one-tenth of $10 million -calls another dealer, and unloads $9 million worth of Japanese yen. The dealer receiving his trade then calculates his share of this inventory imbalance -or one tenth of $9 million -calls another dealer, and unloads $8.1 million worth of Japanese yen. The hot potato process continues. In the limit, the total interdealer volume guaranteed from the $10 million customer trade is $9 million / (1-0.9) = $90 million. This simple example illustrates that the repeated passage of idiosyncratic inventory imbalances among dealers following an innovation in customer order flow can better explain the high transaction volume in foreign exchange markets.
Hot potato trading reduces the informativeness of prices. Information aggregation by dealers occurs through signal extraction applied to order flow. The greater the noise relative to the signal, the less effective signal extraction is. Passing the hot potato trades increase the noise in order flow and dilute informational content. Hence, trading volume and the informational efficiency of prices are negatively linked.
In this paper, we provide evidence that discriminates between the two views.
Our paper shares the same motivations as the studies by Lyons (1995 Lyons ( , 1996 , in which real-time transaction data are used to document that trades occurring when intertransaction times are short are significantly less informative, supporting the inventory control view. In his work, intertransaction times are used as a proxy for trading volume. As
Lyons (1995, 1996) admits, however, the assumption that intertransaction times are exogenous may be problematic because earlier work (e.g., Hausman, Lo and MacKinlay, 1992) has tested for and rejected the exogeneity of the length of time between transactions at a conventional significance level. The short sample period covering only five trading days of the week is another caveat (Mello, 1996) .
The current paper takes a different approach to the analysis of the vol- Guillaume et al., 1995) . Based on this fact, we explore the price informativeness between the market in overlapping business hours (London/N.Y.) and the rest of the market segments and consider the volume-information relationship. We believe that the endogeneity problem is partially solved, without resorting to the use of high-frequency exchange rate and order flow data, by exploiting the stylized fact that trading volume has been higher in the London/N.Y.
segment than in any other segment.
Another notable feature of this paper is the introduction of a new concept for intraday exchange rate analysis: the "cumulative price change" of market segments. The daily yen/dollar exchange rate change from t to t+1 ( ), measured at the Tokyo opening, can be decomposed into the price changes of the five market segments:
( 1) where is the price change in the Tokyo segment (TY) from its opening to closing closing to the Tokyo opening (
). The superscripts OP and CL of the price P refer to the opening and closing rates, respectively. The data is described in Section 2.
Summing both sides of Equation (1) from = t s (2) On the left-hand side of Equation (2), the total change in the daily exchange rate is equal to P s+1 -P 1 , that is, the daily exchange rate at
value P 1 (constant). On the other hand, the right-hand side equals the sum of the cumulative price changes of the five market segments. The cumulative price change (CPC, hereafter) represents the aggregated price changes of each segment from to .
Equation (3) is a simple representation of Equation (2).
One of the advantages of exploiting CPCs is their nonstationarity, which allows us to measure the size of the random walk in each CPC and hence analyze (weak-form) informational efficiency. On the contrary, a caveat of using CPCs to compare price informativeness is that CPCs are assumed to be independent from each other. If exchange rate changes in one market segment have interregional impacts, this assumption may be problematic. In the literature of exchange rate volatility clustering, Engle et al. (1990) find support for the meteor shower effect (interregional volatility spillover), while Baillie and Bollerslev (1990) and Melvin and Melvin (2003) report evidence for the heat wave effect (own-region volatility persistence). Cai et al. (2007) revisit this issue using the EBS data and confirm that both effects are present. However, their results based on exchange rate returns (not volatility) suggest that informational linkages across trading regions are so limited that their economic significance is very small. Therefore, we do not think that the assumption of independency misleads our conclusions. To check robustness, we take the interdependency of CPCs into account in the analysis of section 3-3. Fama (1970) , summarizing the idea of informational efficiency in his classic survey, writes: "A market in which prices always 'fully reflect' available information is called 'efficient'." In an informationally efficient market, price changes must be unforecastable if they fully incorporate the expectations and information of all market participants. In practice, since it is almost impossible to take traders' information and expectations into consideration, much research on the market efficiency hypothesis tests the forecastablility of prices based only on past price changes. Among various versions of the weak-form informational efficiency, many researchers investigate the random walk hypothesis. We test this hypothesis with variance ratio tests which exploit the important property of the random walk process that the variance of random walk increments must be a linear function of the time interval.
The second hypothesis is that, in an informationally efficient market, the CPCs contribute significantly to the long-run trend of exchange rates. If the CPCs are informational efficient, they must have a stable relationship with the daily exchange rate in the long run. We explore whether there is any cointegration relationship between the daily exchange rate P s+1 and the CPC of each segment with careful consideration of structural breaks.
Among the results, we first find that the daily exchange rate has a cointegration The organization of this paper is as follows. Section 2 briefly explains the data and basic statistics. Section 3 shows several empirical results and Section 4 concludes.
Data
In order to examine the informational efficiency of the intraday yen/dollar rate, we identify five separate periods for classifying regional hours: Tokyo, London-only, Lon- Cai et al. (2007) , as shown in Figure 1 , the yen/dollar trading in this market segment is the least active in a day.
***** Table 2 around here***** Table 2 presents the summary statistics on price changes for the five market segments. The per hour variance of price changes for each segment are shown, and is defined as the variance adjusted for the number of trading hours in each market segment.
To correct for differences in segment duration, we divide the price change (∆P i t ) by the square root of business hours in segment i on date t and calculate its variance. The fifth column of Table 2 
Empirical Analysis

Cointegration tests
Figures 2-1 through 2-5 show the CPC for each segment and the daily exchange rate throughout the sample period. We adopt the Tokyo opening rate at t+1 as the daily yen/dollar rate. In Figure 2 To test these hypotheses, we regress the daily yen/dollar rate (the Tokyo opening rate at t+1), onto each CPC at t and perform residual-based cointegration tests. Before the cointegration analyses, we confirm the nonstationarity of each variable using ADF unit root tests. The results, presented in Table 3 , indicate that all variables have a unit root in levels but not in first differentials. This indicates that they are all integrated of order one (I(1)). 6 ***** Table 3 around here***** ***** Table 4 around here***** The results of the cointegration test (ADF-type test) in Table 4 suggest that a cointegration relationship is found only between the daily yen/dollar rate and the London/N.Y. CPC. This result is consistent with the evidence that appears in Fig 2. , but should be treated carefully because ADF-type tests have a low power of rejection for the unit root hypothesis in stationary variables with a structural break. An alternative test is to consider the existence of structural breaks. Gregory and Hansen (1996a, b) developed a cointegration test which allows for the possibility of a regime shift. The virtue of their test is that the structural break point is endogenously determined rather than being assumed to be predetermined. Following Gregory and Hansen (1996a) , we consider the following three types of regression models: where D t is a dummy variable with a value of unity after the break point period and zero 6 The ADF test statistic is calculated with the assumption of whiteness of residuals (Hamilton (1994) ν is a disturbance. Equation (4) allows for an endogenous break in the intercept and Equation (5) both in the intercept and the slope. In addition, Equation (6) allows for an endogenous break in the intercept, the slope and the deterministic trend. In searching for endogenous breakpoints, we compute the Phillips Z * t test statistics for each possible regime shift, take the smallest value of Z * and compare it to the corresponding critical value of the null. When the null is rejected, one structural break in a cointegration vector is found at that point (Gregory and Hansen (1996a) ).
***** Table 5 around here***** (4) Table 4 to 5 suggest that the London/N.Y. overlap contributes significantly to the long-run trend of the daily yen/dollar rates.
Random Walk Tests
In this sub-section, we test the random walk hypothesis for the CPC of each segment. In doing so, we employ Lo and MacKinlay's (1988) variance-ratio analysis and Wright's (2000) rank-and sign-based variance ratio tests to examine the size of the random walk in intraday exchange rates.
The variance ratio test exploits the fact that the variance of the increments in a 7 The results are not displayed in the paper but are available upon request.
random walk is linear in the sampling interval; that is, if a series follows a random walk process, then the variance of the k-period return would be k times the variance of the one-period return. In this study the variance-ratio at lag k, , is defined as Under the random walk hypothesis, the variance ratio equals one for any k chosen. Lo and MacKinlay (1988) proposed the heteroskedasticity-robustified statistic: Table 6 around here***** 
Mean Squared Error Decomposition
In order to measure the contribution of movements in each CPC in determining the overall movement of the daily exchange rate, we exploit Engel's (1999) mean-squared error (MSE) 8 decomposition. The MSE of the change in the exchange rate -which is the sum of the squared drift and the variance -is a comprehensive measure of movement. Following Engel (1999), we calculate two different methods for measuring the fraction of the MSE of the exchange rate change accounted for by the MSE of each
The MSE is defined as where "mean" and "var" are mean and variance, respectively. 
The difference between the two measures (11) and (12) is that the former ignores comovements, while the latter attributes half of the comovements to CPC t i . As 
Concluding Remarks
This paper examines the price informativeness of the intraday yen/dollar exchange rate and considers the relationship between trading volume and informational efficiency. The empirical evidence shows that the daily exchange rate has a cointegrat- segment and the lowest in the Pacific segment, these findings are consistent with the asymmetric information view of Admati and Pfleidere (1988) Note: Models C, C/S and C/S/T assume endogenous changes in intercept, intercept/slope, and intercept/slope/trend, respectively. "Break date" refers to a possible structural break point in a cointegration vector. "The minimum Philips Z * t test statistic" corrects a bias due to a serial correlation of disturbance terms. *** indicates 1% significance. The critical values (Gregory and Hansen, 1996a, b) are Model C: -5.13 (1%), -4.61 (5%), -4.34 (10%).
Model C/S: -5.47 (1%), -4.95 (5%), -4.68 (10%).
Model C/S/T: -6.02 (1%), -5.50 (5%), -5.24 (10%). 
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